The solvent extraction of ion associates of tetrahalogenoaurate(III) ions, AuX4~(X-=chloride or bromide), with quaternary ammonium cations (Q+) has been studied. The extraction constants (KeX) were determined for the ion associates of AuX4-with Q+ between an aqueous phase and several organic phases (chloroform (CF), chlorobenzene (Cl-B), benzene (B), toluene (T) and carbon tetrachloride (CTC)). The extractability of AuX4 was in the order AuBr4->AuC14; the difference in log KeX between tetrachloroaurate(III) and tetrabromoaurate(III) was about 1.16 on the average. Among the ion associates examined, the extractability of the extracting solvent was generally in the order CF> Cl-B> B> T> CTC; the differences in log KeX between two successive solvents in this order were about 0.26, 0.40, 0.09 and 0.10 on the average. The contribution of a methylene group in Q+ to log KeX was about 0.5 on the average. From the obtained extraction constants, possible extraction systems for the spectrophotometry of gold are predicted: tetrabutylammonium cation•AuCl4--chloroform, tetraamylammonium cation•AuCl4-chloroform, tetrabutylammonium cation•AuBr4-chloroform, tetrabutylammonium cation•AuBr4--chlorobenzene and tetraamylammonium cation•AuCl4--benzene.
The extraction of gold(III) from a halide-containing aqueous medium into an organic solvent has been used for the separation and spectrophotometric determination of gold. McBryde and Yoel reported on a bromoaurate method for the determination of gold, based on the double extraction of bromoaurate with isopropyl ether, subsequent water extraction and HBr addition followed by spectrophotometry.
Examining this method, Chow and Beamish2 proposed a modified bromoaurate spectrophotometric method using ethyl acetate as an extractant for gold for the determination of gold in amounts of 15 µg or more. Ichinose3 reported on the extraction of gold(III) at concentrations below 5X10-3 M (M=mol dm 3) from a hydrochloric acid solution into methyl isobutyl ketone for the separation of gold. McCorkell et al. 4 studied the distribution of HAuCl4 between an aqueous HCl solution and nitrobenzene as a high dielectric-constant solvent. Mirzas studied the extraction of platinum metals with triisooctylamine from hydrochloric and hydrobromic acid for the separation of gold from platinum and its determination.
On the other hand, the gold content of an aqueous solution has often been determined by solvent extraction of gold as a complex ion, followed by atomic-absorption spectrometry. Gold(III) was extracted into diisobutyl ketone containing a quaternary ammonium salt from an aqueous chloride; gold concentrations of between 5X 10-8 and 2.5X104 M could be determined.6 A solvent extraction of gold and platinum was investigated using Zephiramine (tetradecyldimethylbenzylammonium)-iodoaurate(III) or iodoplatinate(IV)-chloroform systems for a pretreatment in the simultaneous atomic absorption spectrometric determination of gold and platinum. ' In this work we studied the extraction of ion associates of tetrahalogenoaurate(III) anions with various quaternary ammonium cations (Q+), and developed an extraction-spectrophotometric method for the determination of gold by using Q+ as counter ions of tetrahalogenoaurate(III).
Experimental

Apparatus
A JASCO spectrophotometer (Model Uvidec-430; was used for recording the absorption spectra. Ar Iwaki shaker (Model V-SX type KM) was used foi horizontal shaking of 25-m1 stoppered test tubes foi extraction.
Reagents
A standard gold(III) solution (9.07X104 M) was prepared by diluting 17.9 ml of a 1000 ppm standard gold(III) solution (5.08X10-3 M hydrogen tetrachloroaurate(III) in a 1 M hydrochloric acid solution, Wako Purt Chem.) to 100 ml with distilled water. Hydrobromic acid was used for the formation of a gold(III)-bromo complex. Quaternary ammonium ion (Q+) solutions were prepared from the salts listed in Table 1 , after drying under reduced pressure. Accurately weighed amounts of the dried salts were dissolved in distilled water to give stock standard solutions, which were diluted before use. Sodium sulfate solutions (0.77 M and 0.72 M) were used to adjust the ionic strength of the aqueous solution for the gold(III)-chloro and gold(III)-bromo complexes to a final value of µ=0.5, respectively. Commercially available carbon tetrachloride, toluene, benzene, chlorobenzene and chloroform were used without further purification, and were saturated with distilled water before use. All of the reagents were of analyticalreagent grade and were used as received.
Procedure
One milliliter of a 9.07X10.4 M gold(III) solution was transferred to a 25-ml stoppered test tube; then, l ml of a sodium sulfate solution (0.77 M for a gold(III)-chloro complex and 0.72 M for a gold(III)-bromo complex), This brought the ionic strength to 0.5. The aqueous solution was mechanically shaken with 5 ml of an extracting solvent for 20 min, which was adequate for a stoichiometric determination at 25° C. After phase separation, the absorbance of the aqueous phase was measured at the wavelength of the absorption maximum of the gold(III)-halogeno complex against distilled water; the concentration of gold in the aqueous phase was then calculated from the molar absorptivity of the gold(III)-halogeno complex.
Results and Discussion
Effect of the concentration of halide ion The formation of the tetrachloroaurate(III) ion was not affectedd by the concentration of the chloride ion in the aqueous phase, and the tetrachloroaurate(III) ion was formed without adding chloride ion under the experimental conditions used (0.036 M chloride). For a gold(III)-bromo complex, the absorbance first increased along with an increase in the bromide concentration, and then became constant. Constant absorbances were obtained at 0.03 -1.7 M bromide. Therefore, 0.034 M bromide was used for the formation of the gold(III)-bromo complex. In the chloride ion concentration range of 0.03 to 0.5 M, the gold(III)-chloro complex AuC14~ is mainly formed, with stability constants of log f33=8.3 and log /34=11.2.8 In the bromide-ion concentration range of 0.016 to 3.0 M, the gold (III)-bromo complex, AuBr4-, is mainly formed, with a stability constant of log /34=9.7.9 These results show that under the conditions employed the main species in the aqueous phase were AuC14-or AuBr4
Absorption spectra
The absorption spectra of the gold(III)-chloro complex and the gold(III)-bromo complex in aqueous solution are shown in Fig. 1 . The absorption maxima of the gold(III)-chloro complex and the gold(III)-bromo complex were 312 and 381 nm, respectively, where the absorbances of both reagent blanks were negligibly small. Calibration graphs for both the gold(III)-chloro complex and the gold(III)-bromo complex were linear over the 0 -1.81X104 .M range. The molar absorptivities for the gold(III)-chloro complex and the gold(III)-bromo complex were 5.24X103 and 4.52X 1031 mol-1 cm 1 at the peak wavelengths of the gold(III)-halogeno complex, respectively.
Extraction constants and extractability of ion associates
In the aqueous phase gold(III) reacts with halide (X-: Cl-, Br) to form AuX4-. These complex anions distribute between the aqueous and organic phases, 
with
where KeX is the extraction constant; the subscript (org) refers to the organic phase and the absence of a subscript indicates the aqueous phase. The distribution ratio of gold between the aqueous and organic phases (DAu) is given by
Hence, the following equations are derived from Eqs. (2) and (3):
and
The side-reaction coefficient for the quaternary ammonium ion (a(Q+(X-))) is given by
where [Q+] ' is the total concentration of the quaternary ammonium ion that is not bound in ion associates with tetrahalogenoaurate(III) and Kex(Q+•X-) is the extraction constant of a quaternary ammonium ion with a halide ion.
[Q+] can be calculated using
In the extraction of tetrahalogenoaurate(III), the distribution ratios of gold at different concentrations of the quaternary ammonium ions were determined. The values of log DAu were plotted against log[Q+]; the results for AuCl4-• Q+-chloroform, chlorobenzene and AuBr4-• Q+-chloroform, chlorobenzene extraction systems are shown in Figs. 2 and 3 , respectively. As expected from Eq. (5), straight lines with a slope of 1 were obtained for all of the extraction systems. This means that the extraction equilibrium of Eq. (1) holds, and that the extracted species is Q+•AuX4. The extraction constants calculated from Eq. (5) are summarized in Table 2 .
The differences in log KeX between tetrahalogenoaurate(III) complex ions are summarized in Table 3 . The order of the extractability of ion associates was AuBr4->AuC14; the difference in log KeX averaged 1.16. The differences in log KeX between tetrahalogenoaurate(III) ions were almost equal in the extraction systems examined. The differences in log KeX between quaternary ammonium cations are summarized in Table 4 . The orders of the extractability of the alkyltrimethylammonium and tetraalkylammonium cations were DDTMA>DTMA> HTMA and TBA>TPA>TEA>TMA, and the differences in log KeX between two successive cations averaged 0.88, 1.26 and 1.19 in alkyltrimethylammonium ions and 1.30, 2.26 and 1.57 in tetraalkylammonium ions; the differences in log KeX between quaternary ammonium cations were almost equal, even though the extracting solvents and anions as counter ions were changed.
The differences in log KeX (Mog Kex) between the extracting solvents are summarized in Table 5 . Though the values of L\log Kex varied widely between extracting solvents, the order of log KeX was generally chloroform>chlorobenzene>benzene >toluene >carbon tetrachloride and the differences in log KeX between two successive extracting solvents averaged 0.26, 0.40, 0.09 and 0.10 in this order. The difference in log KeX between each extracting solvent is small, and, in particular, the mean value of clog KeX between chloroform and chlorobenzene for AuX4, 0.26 is much smaller than that for X-, 2.96.11 This may have been caused by the effect of the solvation of chloroform on the anions: halide ions are more solvated by chloroform than are tetrahalogenoaura- The values of log KeX in various extraction systems were predicted on the basis of the extraction constants (log KeX) in Table 2 , zlog Kexf-CH2-: 0.5 and Ref. 10. rate(III) complex ions, and halide ions are more easily extracted into chloroform. The extraction behavior of the ion associates is affected by the anions, cations and extracting solvents.
Extraction constant and number of carbon atoms in a quaternary ammonium ion The values of the extraction constants (log KeX) were plotted against the number of carbon atoms in the quaternary ammonium ion. The results for the chloroform and toluene extraction systems are shown in Figs. 4 and 5, respectively. For the same carbon number, the extractability (log KeX) with long-chain alkyltrimethylammonium cations (group I) was almost the same as that with symmetrical tetraalkylammonium cations (group II) for both the chloroform and chlorobenzene extraction systems; the extractability (log KeX) with group I is smaller than that with group II for benzene, toluene and carbon tetrachloride extraction systems. The contribution of a methylene group in the cations of groups I and II to the log KeX value was about 0.5 on the average. This is in good agreement with the previously reported values. 1214
Extraction-spectrophotometry of gold based on ionassociate formation
The result of the extractability of AuX4-mentioned above is useful for developing a sensitive extractionspectrophotometric method for gold. The molar absorptivities of the gold(III)-chloro complex and gold(III)-bromo complex anions are small (5.24X 1031 mol-' cm' at 312 nm and 4.52X 1031 mol-1 cm 1 at 381 nm, respectively), and no increase in the sensitivity can be achieved. Combining the method utilizing the light-absorption of the gold(III)-halogeno complex anion with the solvent extraction produces a very sensitive method for gold. The surface-active alkyltrimethylammonium ions are undesirable for rapid spectrophotometry because of the slow phase separation. Various extraction systems using tetraalkylammonium ions were mainly examined under the experimental conditions where the volume ratio of the aqueous-toorganic phase ( Vaq : Vorg) was 10 :1 or 20 :1, and the initial concentrations of gold, Q+, chloride ion and bromide ion were 2X105 M (1X105 -M in Vaq : Vorg 20 : 1), 1x10-4 M, 0.1 M and 0.034 M, respectively. The logarithm of the extraction constant to extract 99% of gold can be calculated using Eqs. (2), (6) and (7) . On the basis of the extraction constants (log KeX) given in Table 2 , the contribution of a methylene group in Q+ to log KeX (Olog KeX/-CH2-: 0.5) and the extractability of Q+lo, the values of log KeX in various extraction systems can be predicted. These results are shown in Table 6 . For chloroform, the ion associates are almost quantitatively extracted into the organic phase; such a tendency is shown for some extraction systems, even though the predicted extraction constant (log KeX) is less than that calculated for 99% extraction of gold. For chlorobenzene, benzene, toluene and carbon tetrachlo-
